Background-Premenopausal women have a lower incidence of coronary artery disease than postmenopausal women or same-age men. Although the mechanisms of this apparent relative protection against atherosclerosis remain ill defined, estradiol, which is present in higher concentrations before menopause, is considered to play a central role. Recently, Fas ligand (FasL) expression by the vascular endothelium has been shown to inhibit the migration of inflammatory cells into the vessel wall, an event that is considered crucial for the development of atherosclerosis.
M enopause is marked by a sudden decrease in serum 17␤-estradiol (E2) levels and by an increase in the incidence of coronary artery disease. A large volume of epidemiological and observational data in humans 1 as well as in vitro 2 and in vivo [3] [4] [5] [6] [7] experimentation has suggested that the decrease in E2 production is not a coincidence but rather a causal factor in atherogenesis in postmenopausal women. Despite this intense scrutiny, however, whether and how estrogen inhibits atherosclerosis remains as unclear as the genesis of the disease itself. 1 Inflammatory cells are an established component of atheromatous lesions. Attention has focused on these cells as mediators, if not initiators, of atherosclerosis, with inflammatory cell invasion of the vessel wall considered a potentially seminal event in atherogenesis. Inhibition of leukocyte traffic across the endothelium, therefore, might be considered atheroprotective. Indeed, recent data suggest that estrogen is capable of inhibiting leukocyte extravasation 8 ; however, the mechanism of this effect has not been completely defined.
Fas ligand (FasL) is a membrane protein capable of inducing apoptosis in cells bearing its receptor, Fas, primarily cells of the immune system. It was recently shown that FasL is expressed by arterial endothelial cells (ECs) and that tumor necrosis factor-␣ downregulates FasL expression associated with an increase in inflammatory cell migration into the vessel wall. Constitutive expression of FasL in these ECs, achieved with an adenoviral vector, inhibited leukocyte traffic into the arterial wall, apparently by inducing apoptosis of Fas-bearing inflammatory cells. 9 In addition, FasLdeficient mice have been shown to display enhanced leukocyte infiltration into the vessel wall. 10 These studies suggested a key role for FasL in maintaining an active barrier function of the endothelium against leukocyte invasion.
Studies investigating the role of E2 as a potential atheroprotective agent have shown it to inhibit both atherogenesis and leukocyte extravasation in animal models of atherosclerosis. Accordingly, we performed a series of experiments to test the hypothesis that E2 regulates endothelial FasL expression as a potential mechanism for the inhibition of atherogenesis in premenopausal women.
Methods

In Vivo Experimental Design
In vivo studies were performed on 64 "cholesterol-clamped" ovariectomized female New Zealand White rabbits. The cholesterolclamped rabbit model yields equivalent serum cholesterol levels by dietary manipulation of each rabbit, thereby nullifying the cholesterol-lowering effect of E2 in treated subgroups, 11 permitting investigation of the nonlipid (ie, "direct") effects of E2 on vascular biology. The animals were randomly assigned in equal numbers to 1 of 4 treatment groups: (1) control, (2) E2 given subcutaneously in a concentration of 50 g/kg every third day, (3) E2 plus NG-nitro-Larginine methyl ester (L-NAME) 160 mg/mL added to the drinking water (previously shown to attenuate NO production), 12 and (4) L-NAME alone. This dosing regimen of E2 achieves plasma levels of 467Ϯ26 to 601Ϯ26 pmol/L, which are equivalent to 106 to 163 pg/mL, well within the human physiological range. 11, 13 After 4 weeks, the aortas were harvested with part of the thoracic aorta frozen for Western analysis and the remainder fixed in methanol for immunostaining. For comparison, the aortas of intact rabbits fed a normal diet were also harvested. Matched sections of the upper thoracic aorta were submitted for immunostaining.
Cell Culture
Human umbilical vein ECs (HUVECs) were isolated as previously described, 2 plated onto 1.5% gelatin-coated wells, and grown in phenol red-free medium 199 (M199) with 20% FBS with a defined E2 content of 7.6 pg/mL or 2.8ϫ10 Ϫ11 mol/L and bovine brain extracts. For the cytotoxicity assays, HUVECs were incubated in the presence or absence of 10 g/mL of matrix metalloproteinase p-aminobenzoyl-Gly-Pro-D-Leu-D-Ala hydroxamic acid (Sigma Chemical Co). The matrix metalloproteinase inhibitor was added to ensure that cytotoxicity was the result of membrane-bound, rather than soluble, FasL.
Antibodies
FasL antibody (Q-20) was purchased from Santa Cruz Biotechnology, and anti-human FasL mouse monoclonal antibody (clone 33) was purchased from Transduction Laboratories. Monoclonal antibody against human CD31 (platelet and endothelial cell adhesion molecule, PECAM-1) and mouse Ram-11 antibody were purchased from Dako and human anti-␣-tubulin from Santa Cruz Biotechnology. Anti-Fas FITC was obtained from Pharmingen. Monoclonal antibody against human CD31 (PECAM-1) and mouse Ram-11 antibody were purchased from Dako and human anti-␣-tubulin from Santa Cruz Biotechnology. Anti-Fas FITC was obtained from Pharmingen.
Immunohistochemistry
After fixation in 100% methanol, sections from matching regions of the upper thoracic aorta from all animals were stained for the presence of macrophages by use of Ram-11 antibody. Ten randomly chosen sections from each treatment group were then evaluated by a blinded observer, and the numbers of infiltrating macrophages were counted.
Quantitative RT-PCR
Total RNA was isolated from HUVECs and from Jurkat cells (quiescent and activated with phorbol 12-myristate 13-acetate [PMA]/ionomycin) 14 with Totally RNA according to the manufacturer's directions (Ambion). All of the components for the reverse transcription (RT) procedure were purchased from Gibco-BRL Life Technologies. We used 25 pmol each of 3Ј and 5Ј FasL intron-spanning primers: sense primer 5Ј-AAGAAGAGAGGGAACCACAGCAC-3Ј and reverse primer 5Ј-CCGAAAAACGTCCTGAGATTCCTC-3Ј yielding a 617-bp reaction product. To quantify the FasL mRNA product, we used the "competimer" quantitative polymerase chain reaction (PCR) technique: FasL cDNA and 18S cDNA were coamplified at the same time for each sample. PCR products were separated on agarose gels containing ethidium bromide and quantified with integrated density analysis software (EagleSight Software 3.2, Stratagene). RT-PCR and relative quantification of PCR products were performed Ն3 times on each sample of RNA.
Western Blotting
Western analysis of tissue homogenates of rabbit aorta was performed as previously described. 15
Transfection
Transient transfection assays with a luciferase reporter containing a 2365-bp segment of the FasL 5Ј flanking sequence were performed to evaluate regulation of FasL promoter activity and were performed as previously described. 15 FasL reporter plasmid was the generous gift of C. Paya (Mayo Clinic, Rochester, Minn), and estrogen receptor (ER)-␣ expression plasmid was the generous gift of Pierre Chambon (INSERM, Illkirch France). Transfections were performed in triplicate and repeated twice.
Cytotoxicity Assay
To verify that the FasL expressed by ECs under the direction of E2 was functional, cytotoxicity assays were performed. HUVECs were plated in 96-well plates at a density of 5ϫ10 4 cells per dish and were allowed to attach overnight. Cells were washed twice with PBS and coincubated with 10 5 Jurkat cells in M199 plus 2% defined (Ͻ10 Ϫ10 mol/L E2) FBS in the presence of one of the following conditions; E2 10 Ϫ8 mol/L alone; E2 10 Ϫ8 mol/L plus recombinant Fas:Fc 2 g/mL in the presence of the enhancer 1 g/mL (Alexis Corp); and E2 10 Ϫ8 mol/L plus L-NAME 10 Ϫ5 mol/L. Supernatants were harvested after 24 hours.
Cytospin cell preparations of the Jurkat cells were fixed in 4% paraformaldehyde at room temperature for 1 hour to perform terminal dUTP nick end-labeling (TUNEL) assays according to the manufacturer's specifications (Roche). Slides were rinsed 3 times with PBS, and samples were directly analyzed under a fluorescence microscope. The number of positively labeled nuclei in 3 randomly selected microscopic fields were counted and divided by the total cell count to determine the percentage of apoptotic cells. The cytotoxicity assay was repeated 3 times.
Flow Cytometry
To determine whether E2 treatment (in the above cytotoxicity assay) resulted in changes in the cell-surface expression of Fas in Jurkat cells, a portion of the cells were centrifuged and incubated 30 minutes at 4°C with PBS, 10% FBS. They were then incubated with specific Fas antibody diluted with 1% BSA and 0.1% NaN 3 in PBS at 4°C for 60 minutes. Isotype-matched nonspecific immunoglobulins were used as negative controls. Immunofluorescence staining was analyzed by a fluorescence-activated cell sorter (FACS; EPICS/XL).
Statistics
All results are reported as meanϮSEM. Statistical comparisons between groups were made by ANOVA, which was followed by a 2-tailed unpaired Student's t test for comparisons between the means of 2 groups. A value of PϽ0.05 was interpreted to denote statistical significance.
Results
E2 Restores FasL Expression in Aortic Endothelium in Hypercholesterolemic Rabbit
Under control conditions with a normal diet, FasL is abundantly expressed in the aortic endothelium (Figures 1 and 2) . After 4 weeks of cholesterol feeding, FasL expression is decreased in ovariectomized rabbits ( Figure 1A and 1B) . Thus, hypercholesterolemia, a risk factor for human atherosclerosis and the substrate for atheroma formation in this animal model, results in a decrease in FasL expression by the aortic endothelium under conditions of estrogen depletion. Replacement treatment with E2, which inhibits atherogenesis in this model, results in restoration of FasL expression ( Figure 1A and 1B) . It is important to note that the restoration of FasL expression occurs despite persistent elevations of serum cholesterol, achieved by individual dietary manipulation in the cholesterol-clamped model. 11 In contrast, FasL expression is not restored when estrogen replacement is accompanied by inhibition of NO production by the NO synthase competitor L-NAME ( Figure 1A and 1B) . Quantification of these results normalized to tubulin expression is shown in Figure 1B . The localization of FasL expression in the aortic endothelium was verified by immunohistochemistry ( Figure 2 ).
E2-Mediated Increase in FasL Expression Is Associated With Inhibition of Transendothelial Leukocyte Traffic
To determine whether the alterations in FasL expression were accompanied by changes in inflammatory cell infiltration of the aorta as previously shown, 9, 10 sections of each aorta were stained with the rabbit macrophage marker Ram 11 ( Figure  3A) . The total number of adherent and infiltrating Ram 11-positive cells in 10 randomly selected sections were counted by a blinded observer. These results, consistent with previous reports, 8 reveal that E2 inhibits inflammatory cell migration into the aorta and that this inhibitory effect is blocked when NO production is blocked by L-NAME ( Figure  3B ) (mean number of macrophages per artery): placebo, 4.86Ϯ1.7 versus E2, 0.167Ϯ0.115 (PϽ0.03 versus placebo) , FasL is abundantly expressed. Cholesterol feeding results in marked reduction of FasL expression in placebo (P) group that is restored by E2 (E) treatment. Recovery of FasL expression is blocked in E2-treated animals whose drinking water was supplemented with L-NAME (EϩL). B, Quantification of Western analysis. Western blots for FasL and tubulin were scanned into a computerized analysis system. Normalization of FasL expression to tubulin expression for each individual sample therefore permitted quantitative comparison of FasL expression under different conditions. FasL expression is significantly reduced by hypercholesterolemia (PϽ0.01). E2 treatment results in restoration of FasL expression (PϽ0.01 vs placebo) to levels similar to baseline, normal diet (PϭNS vs normal diet), although cholesterol level in E2-treated animals was maintained at high levels by dietary intervention. L-NAME attenuates restoration of FasL expression by E2 (PϽ0.03 vs E2 alone).
versus E2 plus L-NAME, 3.42Ϯ1.1 (PϽ0.01 versus E2 alone, PϭNS versus placebo). The changes in macrophage infiltration, therefore, paralleled E2-mediated changes in endothelial FasL expression, consistent with the previously documented function of endothelial FasL as an active barrier to inflammatory cell migration. 9
E2 Induces Functional EC FasL Expression
We next sought to determine whether the FasL expressed by ECs under the direction of E2 was functional and therefore capable of inducing apoptosis of adherent inflammatory cells. We used Jurkat cells, which constitutively express the Fas receptor, in a coculture assay with HUVECs in the presence or absence of E2 to determine whether the increase in EC FasL expression induced by E2 resulted in increased apoptosis of Fas-bearing cells (Figure 4) .
FasL is expressed by HUVECs under basal conditions, 9 so coculture with Jurkat cells results in a low level of Jurkat apoptosis at baseline ( Figure 4A ). In the presence of E2, Jurkat apoptosis increases 2-fold. This increase in apoptosis is completely blocked by the addition of L-NAME to the culture medium, consistent with the effect of NOS inhibition of FasL expression in vivo ( Figure 1 ) and consistent with the trend observed in vitro ( Figure 5 ). To further verify that the increase in apoptosis induced by E2 was Fas-FasL-mediated, a parallel series of coculture experiments was performed with the addition of Fas:Fc (which inhibits Fas-FasL-induced apoptosis). These studies reveal complete attenuation of the E2-induced increase in Jurkat apoptosis ( Figure 4A ). Finally, to exclude an increase in Jurkat Fas expression as the cause of the observed increase in apoptosis, FACS analysis of identi-cally treated cells was performed and revealed no change in Jurkat cell Fas expression in the presence of E2 ( Figure 4B ). E2 also did not induce Jurkat apoptosis in the absence of HUVECs (data not shown).
Transcriptional Regulation of FasL by E2
We next investigated the regulation of FasL mRNA expression by E2 using semiquantitative RT-PCR ( Figure 5 ). First, RT-PCR was performed on Jurkat cells stimulated with PMA/ionomycin (used as positive control for FasL mRNA expression), unstimulated Jurkat cells (used as a negative control), and HUVECs, verifying primer specificity and that HUVECs express FasL mRNA as previously observed 9 ( Figure 5A ). Next, quantitative-competitive RT-PCR was performed. Coamplification of FasL and 18S mRNA resulted in 2 distinct bands ( Figure 5B ). Densitometry of FasL RT-PCR product/18S RT-PCR product reveals a nearly 3-fold induction of FasL mRNA levels by E2 compared with control (PϽ0.0003, Figure 5C, lanes 3 and 2, respectively) . L-NAME (lane 4) does not alter the baseline expression of FasL but attenuates E2-induced FasL mRNA upregulation (lane 5) (L-NAME plus E2 versus E2, PϽ0.0005). These data, suggesting that E2 regulates EC FasL expression via an NO-mediated mechanism, are consistent with the regulation of aortic EC FasL expression shown in vivo above (Figure 1 ) and with the cytotoxicity assays (Figure 4) .
To determine whether the regulation of FasL mRNA expression by E2 occurred at the transcriptional level, we next performed a series of transient transfection assays using a luciferase reporter construct containing the FasL 5Ј flanking sequence cotransfected with ER-␣. E2 had no effect on FasL E2-induced increase in FasL-mediated apoptosis is inhibited by L-NAME, consistent with a reduction in EC FasL expression when NO production is blocked. To verify that increase in apoptosis was FasL-mediated, Fas:Fc was added with E2 and inhibited induction of apoptosis. Jurkat cells incubated with apoptosis-inducing antibody CH11 were included as positive controls (data not shown). Cytotoxicity assays on HUVECs alone were also performed as negative controls (data not shown). B, Flow cytometry reveals no change in Fas expression on surface of Jurkat cells incubated in absence (solid curve) or presence (dotted curve) of E2. Increase in EC apoptosis shown in coculture assay is therefore not result of E2-mediated increase in Jurkat cell Fas expression and can only be due to demonstrated increase in EC FasL expression. FACS with control antibody (mouse IgM FITC) is shown in shaded curve.
promoter activity in the absence of ER ( Figure 5D ). In the presence of ER␣, E2 caused a significant increase in FasL promoter activity, which was attenuated in the presence of L-NAME ( Figure 5E ), paralleling the changes seen in mRNA and protein expression as well as the functional assay.
Discussion
These data suggest a novel mechanism for the inhibition of atherogenesis by E2: preservation of the integrity of an active barrier function of the endothelium by maintenance of endothelial FasL expression. The potential role of FasL in preventing leukocyte extravasation has been shown previously. 9 Our data reveal that hypercholesterolemia, a risk factor for atherosclerosis and a precondition for atheroma formation in the rabbit model, reduces FasL expression in vivo, with an associated increase in macrophage infiltration of the arterial wall. E2, assumed to be the atheroprotective factor in premenopausal women, restores/maintains FasL expression and thereby inhibits leukocyte traffic across the endothelium despite the ongoing presence of severely elevated serum cholesterol levels.
In vivo, 2 forms of FasL can be found: a membrane-bound (42 to 48 kDa) and a soluble (sFasL, 26 kDa) FasL form resulting from the release of the extracellular domain of membrane-bound FasL cleaved by metalloproteinases. 16 The membrane and soluble forms of human FasL exhibit differential cytotoxic activities. The ability of FasL to induce apoptosis is mediated primarily by the membrane form of the protein. 17 FasL works locally via cell-cell interactions under physiological conditions, and the purpose of shedding FasL to its soluble form appears to be to attenuate cytotoxicity. 18 The results of the cytotoxicity assay reported here suggest that E2 increased endothelial expression of the active FasL, ie, expressed on the cell membrane.
The regulation of endothelial FasL expression by E2 occurs, at least in part, at the transcriptional level, mediated by direct effects on the FasL promoter via ER-␣. The FasL promoter contains both estrogen-responsive elements, induced via ER-␣ in the presence of E2, and AP-1 sites, which have been shown to be regulated by the more recently discovered ER-␤. 19 Because both of these receptors have been reported to be expressed by ECs, the possibility for complex regulatory control by various naturally occurring and synthetic estrogens and estrogenlike compounds is evident. The possibility of other mechanisms regulating FasL expression in vivo is also suggested by the difference between the regulation of FasL . C, Quantification by computerized densitometric analysis reveals a significant increase in FasL mRNA expression by ECs induced by E2 (PϽ0.0003 vs control) that is inhibited by L-NAME (PϽ0.005 vs E2 alone). Ratio of FasL mRNA/18S mRNA density values was obtained by scanning densitometer and represents mean of 3 separate experiments. D, FasL transcriptional regulation by estrogen is ER-dependent. HeLa cells were transiently transfected with a FasL promoter reporter plasmid Ϯ ER-␣ expression plasmid and incubated with medium alone or medium ϩ E2 10 Ϫ8 mol/L. E2 induces significant FasL promoter activity only in presence of cotransfected ER-␣. E, FasL transcriptional regulation by estrogen is mediated by NO. Cos-1 cells were transiently transfected with a FasL promoter reporter plasmid plus ER-␣ expression plasmid and incubated with medium alone, medium plus E2 10 Ϫ8 mol/L, or medium ϩ E2 10 Ϫ8 mol/L ϩ L-NAME 10 Ϫ5 mol/L. In presence of ER-␣, E2 induces significant FasL promoter activity (PϽ10 Ϫ4 vs control) that is inhibited when NO production is blocked by L-NAME (PϽ0.02 vs E2 alone).
